The upgraded x-ray crystal spectrometer KX1 on the Joint European Torus (JET) can now measure the M x-ray lines from tungsten with sufficiently high resolution to evaluate how much tungsten may sputter from the plasma-facing tungsten wall planned for the International Thermonuclear Experimental Reactor (ITER). However, a test run on JET found that the L x-ray lines of a molybdenum impurity, which happen to occur in the targeted wavelength region between 5.00Å to 5.35Å , must be taken into account together with the radiation from the M x-ray lines of tungsten in a detailed radiation model that matches the high-resolution spectra. Such detailed radiation modeling is expected to be also needed for ASDEX Upgrade (AUG) tokamak and for other tokamaks such as ITER and Tungsten (W) Environment in Steady-state Tokamak (WEST), which will implement tungsten plasma-facing components and a high-resolution spectrometer to keep track of with a similar x-ray diagnostics.
Introduction
The future International Thermonuclear Experimental Reactor (ITER) will include plasma facing components that include tungsten [1] . Some of this tungsten will end up in the center of the machine, where it will ionize and radiate x-rays. The resulting energy loss is undesirable, but on the bright side the x-ray spectrum offers a detailed understanding of the radiation and an excellent way to quantify the tungsten impurity. Moreover, such registered x-ray spectra provide alternative diagnostics of the plasma itself. Radiation from tungsten that migrates into the hot, dense centre of the plasma reaches the spectrometer from all locations along the line of sight, but is registered only within a specific wave length window. The tungsten emits into this window only from certain ionization states, so that the resulting spectrum represents some average of properly ionized tungsten over the line of sight. Irrespective of the spectral details, the intensity of the radiation is proportional to the amount of tungsten; sufficiently high spectral resolution may make it possible to determine a local ion temperature and rotational velocity in addition. [2] . An instrument for such purposes is planned for ITER, as e.g, described in Ref. [3] .
The highly resolved x-ray spectra can be interpreted in terms of interesting plasma parameters only when the theoretical radiation models first identify, and then take into account, all the relevant factors that affect the spectrum. Recently the newly upgraded [4] [5] [6] high-resolution crystal spectrometer KX1 [7] on the Joint European Torus (JET) obtained tungsten spectra that contain radiation from an unintended molybdenum impurity as well [8] . The one analyzed here could only be modeled satisfactorily when the various subshells of tungsten are considered separately.
Highly ionized tungsten emits extremely complex x-ray spectra that can be understood only after exhaustive theoretical studies. Such analyses have a long history, starting with those for astrophysics as in Ref. [9] ; examples from our time apply to tokamaks [3] , laser-produced plasmas [10] , and pulsed power [11] .
Over the last few decades Polasik [12, 13] and co-workers [11, [14] [15] [16] [17] [18] [19] [20] [21] have developed highly accurate atomic models that were originally intended to understand foil stripping experiments, in which multiply ionized atoms emit very complex x-ray spectra as well. These models proved their value in other situations later on, most recently to interpret the ionization energy shift in partially ionized high atomic number plasmas [22] [23] [24] ; in this situation energetic electrons outside the electron energy distribution of a partially ionized plasma generate inner-shell x-rays, whose energy is affected by the ionization state. Modeling successfully reproduced the insignificant (∼ 10 eV) change that ionization produces in the photon energy of the ∼ 60, 000 eV Kα 2 line of iridium [22, 23] . Moreover, a time-integrated distribution of tungsten's ionization states in a laserproduced plasma could be derived from a detailed analysis [24] of a single highly resolved ∼ 10 keV L x-ray line, based on the ionization energy shift obtained in a systematic series of computations [25] .
These and similar computations [26] [27] [28] , support a type of single-line plasma diagnostics that may be uniquely valuable when a lower-energy x-ray spectrum may not be suitable for diagnostic purposes, e.g., excessively modified by opacity or suppressed by x-ray shielding. When the plasma contains enough energetic electrons to excite observable higher-energy x-rays, the plasma's temperature in an otherwise inaccessible location could then be derived from a detailed analysis of a highly resolved single line.
Here the tungsten impurity is found from a narrow slice of tungsten's x-ray spectrum, which contains blended lines coming from individual subshell transitions that must be modeled individually. Tungsten's important role in future magnetic fusion devices has spurred attempts to recalculate and remeasure tungsten's x-ray spectra [29] . Recent measurements include highly ionized states, notably Li-like (W 71+ ) [30] and ionization states near Al-like tungsten (W 61+ ) [31, 32] expected for a tungsten impurity in ITER's hot plasma. In JET's lower-temperature plasma a tungsten impurity tends to be close to Ni-like (W 46+ ) [31] [32] [33] [34] [35] . Pd-like tungsten (W 28+ ) [36] , Pr-like tungsten (W 15+ ) [37] and even Yb-like tungsten (W 4+ ) [38] may be of interest in other situations. Smaller, cooler tokamaks than JET or ITER can diagnose their plasmas from the radiation emitted by the constituents of stainless steel that may have become entrained in the plasma, but at the T e ∼ 15 keV and higher plasma temperature anticipated for ITER these lower-Z ions are completely ionized and the lines no longer exist. However, in ITER the higher-Z elements would still emit line radiation, which makes tungsten a good candidate for ITER's x-ray based plasma diagnostics [39] [40] [41] [42] . We recently explored [26] using the ionization energy shift on tungsten's L x-ray lines to find the plasma temperature, but the crystal spectrometer for the ITER tokamak [43] intends to diagnose the plasma from tungsten's M x-ray spectrum. The tungsten will come from ITER's plasma-facing wall [44] , of which a small fraction will end up in the central plasma as highly charged ions [43] .
In the centre of JET the typical electron temperature T e is in the range of ∼ 2.0 keV to ∼ 5.0 keV, and the electron density n e in the range of ∼ 2×10 19 m −3 to ∼ 6×10 19 m −3 . In such plasmas the tungsten is ionized close to nickel-like, from W 44+ to W 47+ , and radiates an M x-ray spectrum. Any molybdenum in such a plasma is close to Ne-like, from Mo 30+ to Mo 35+ , and emits an L x-ray spectrum. These two specific spectra are in the same general wavelength range, and happen to overlap in the 5.00Å to 5.35Å wavelength window covered by the upgraded high-resolution crystal spectrometer KX1. The JET plasma turns out to contain enough of a molybdenum impurity to affect the x-ray spectrum; in matching x-ray spectra the concentration of Mo (c M o ) relative to that of W (c W ) is a free parameter: for JET [8, 45] c M o /c W is typically between 2.5 % and 15 %.
Experimental x-ray spectra
The tungsten from the recently installed ITER-like wall [44] on JET is monitored with an existing high-resolution x-ray crystal spectrometer KX1, with a resolution of λ / ∆ λ ∼ 12000, which was upgraded [4] [5] [6] for the purpose. The upgraded instrument not only keeps track of tungsten's impurity level, but its high energy resolution makes it possible to get additional information about the plasma by a detailed analysis of the broadening and energy shift of a specific line.
Briefly, in first order the spectrometer's quartz 1011 crystal (with 2d ∼ 6.687Å ) can disperse x-ray wavelengths from 5.00Å to 5.35Å into the measurement window, at ∼ 20 m from the crystal, but at a fixed orientation of the crystal the wavelength range is only about 0.035Å. A detector with 256 energy-resolving gas discharge counters registers any radiation in second and higher orders separately from the first order. The KX1 spectrometer sensitivity is addressed in Ref. [4] .
Theory -the Flexible Atomic Code
The simulations are done with the FAC package [32, 46] . This computes the atomic structure by iterating a fully relativistic Dirac-Fock-Slater operator in the configuration interaction. Briefly, the electron energy levels in an ion with N electrons are obtained by diagonalizing the relativistic Hamiltonian H, which is, in atomic units,
Here h D (i) is the Dirac Hamiltonian for a single electron in the potential of the nuclear charge, and the terms 1/r ij describe the Coulomb interaction between the electrons. The configuration state functions Φ nκm are antisymmetric sums of products of N oneelectron Dirac spinors φ nκm ,
where χ κm is the usual spin-angular function, n is the principal quantum number, and κ is the relativistic angular quantum number: it combines the orbital and total angular momentum. For an isolated ion the FAC iterates these equations to find the atomic properties such as the energy levels, and the transition probabilities for radiative transitions and auto-ionization. The cross sections for excitation and ionization by electron impact, and for the inverse processes radiative recombination and dielectronic capture, are then computed in the distorted-wave approximation. Figure 1 shows spectra for individual charge states of W, and Figure 2 of Mo, for an electron temperature T e = 4.2 keV and electron density n e = 3 × 10 19 m −3 that are typical parameters for the plasmas in question. The spectra are modeled over the entire 5.00Å to 5.35Å wavelength region that the KX1 spectrometer can obtain. In subsection 5.2 the measured spectrum over the narrower range from 5.192Å to 5.232Å is compared with a modeled spectrum.
Benchmarks for the x-ray spectra of tungsten and molybdenum
Even the best high-resolution spectrometers, like KX1 with wavelength resolution λ / ∆ λ ∼ 12000 can hardly observe an x-ray spectrum with the detail that is available from atomic physics computations. To avoid some of this complexity, the modeled spectra in Figures 1 to 5 show ion-specific emissivities in which excessive detail is suppressed by convolving the modeled spectrum with a ∼ 1.75 × 10 −3Å or ∼ 0.8 eV Gaussian linewidths that represent the Doppler and instrumental broadenings relevant to the KX1 spectrometer. The much stronger emissivities, in the top 5 panels (e) to (i), do not significantly contribute because the corresponding from W 48+ to W 52+ do not exceed few percent in the 4 keV tokamak plasma [3] . Figure 1 shows that as the degree of ionization increases from W 48+ to W 52+ , the spectral features change somewhat but the larger change is a decrease in wavelength. At W 48+ the feature starts on the right, at 5.35Å or ∼ 2.317 keV. For higher ionization states, e.g., W 52+ , the 4f → 3d transition spectrum has shifted to the left edge of the spectrometer's 0.30Å or 140 eV wavelength range. For these outer-shell x-rays the ionization energy shift is 6 % of their energy, relatively much larger than the ionization energy shifts computed for the K x-ray and L x-ray lines [27] . Figure 1 also demonstrates that the complexity of the measured spectrum depends on the spectrometer's wavelength window. The strong 4f → 3d transitions from lower ionization stages than W 48+ , in particular those from Ni-like W 46+ that dominates the plasma, might become visible if the spectrometer could observe the region around ∼ 5.65Å (as extrapolated from the top panels of Figure 1 ). Figure 2 presents the L x-ray spectrum modeled for molybdenum ions from Mo 30+ to Mo 35+ . It should be noticed that the obtained spectra structures come mainly from the intensive 3s → 2p lines (on panel (c)), which are the dominant transitions in the As in Figure 1 for tungsten, the ionization energy shift is again clearly visible in Figure 2 . For less-ionized Mo, in panels (a)-(c), the wavelength of the lines decreases by about 0.04Å when an electron is removed from the M shell; ionizing beyond Ne-like Mo, from panel (c) to (d), the L x-ray radiation decreases its wavelength by about 0.20Å , almost completely across the spectrometer's wavelength window.
M x-ray line structures for tungsten between 5.00Å and 5.35Å

L x-ray line structures for molybdenum
Over this wavelength range molybdenum's spectrum is less complicated than tungsten's, but still sufficiently complex to be potentially confusing if both these elements contribute, especially when their concentrations in the tokamak plasma are otherwise unknown and to be inferred from the spectrum. As can be seen in Figures  1 and 2 , the L x-ray lines from molybdenum radiate strongly in the same wavelength region as the M x-ray lines of tungsten. The KX1 spectrometer diagnostic [4, 6] confirmed that the JET plasma emits Mo x-rays on regular basis. The complication introduced in analyzing the W M x-ray spectrum by L x-rays from Mo was an unwelcome surprise. Now that the spectrum is better understood, the strong, simple Lorentzian lines from the molybdenum impurity in the relevant wavelength region is a welcome calibration feature that extends the diagnostic capabilities of the system. At this time the culprit for the Mo impurity is thought to be a marker made from molybdenum tile, installed as an inner vertical divertor target [8] . As long as the molybdenum impurity can not be removed, both tungsten and molybdenum should be taken into account in the analysis of high-resolution x-ray spectra in this wavelength range.
Interpretation of the high-resolution x-ray spectra registered for different discharge conditions on JET
For certain discharge conditions in the JET tokamak, some details in the experimental spectra obtained by the high-resolution crystal spectrometer KX1 (see panel (f) in Figure 5 ) could not be reproduced well by the theoretical spectra presented in Figure 1 Figure 3 gives the subshell-specific emissivity for the states with occupied 4s 1 , 4p 1 , 4d 1 , and 4f
A detailed analysis of the M x-ray line contributions from Cu-like and Co-like tungsten
1 subshells of the tungsten Cu-like (W 45+ ) ion, and the resulting M x-ray line emissivity, the sum of the individual contributions from (a), (b), (c) and (d). The simulations focus on the very narrow 5.192Å to 5.232Å wavelength window covered by the high-resolution KX1 spectrometer in a specific configuration.
From our preliminary attempt to interpretation of the x-ray spectrum registered in the 5.192Å to 5.232Å wavelength range we have found that either the contribution for 4s
1 subshell state and the sum of contributions(for 4s 1 , 4p 1 , 4d 1 and 4f 1 subshell states) are not able to properly reproduce the shape of the experimental spectrum (see panels (d) and (e) in Figure 3 ). The reason of that seems to be a drastic overestimation (by the FAC package) of the contributions from occupied subshells with higher quantum number ℓ in transitions of the 3p 5 4ℓ 1 4d 1 → 3p 6 4ℓ 1 type, compared to those originating from the 
, for a plasma electron temperature T e = 4.2 keV and electron density n e = 3 × 10 19 m −3 .
transitions of 3p 5 4s 1 4d 1 → 3p 6 4s 1 type. To match the high-resolution experimental spectra, it is clearly necessary to estimate the particular contributions not only from 4s 1 states but also from 4p
1 to 4f 1 states as shown here for the W 45+ ions. We found from our preliminary analysis that also in the case of W 47+ it is necessary to take into account different M x-ray subshell contributions. that involves a 4s electron. Figure 5 shows one example of the matches that can be obtained between the measured and the modeled x-ray spectra when the radiation from the individual subshells is considered separately. The spectrum is for JET shot 86176, without neutral beam injection and therefore with negligible Doppler shift (less than 10 −3Å ) to the lines in question; Ref. [8] gives a similar analysis including the Doppler effect for JET shot 85909, with neutral beam injection. The bottom panel (f) is the experimental spectrum; the spectrometer's interior calibration is based on the theoretical energies of the W 45+ , W 46+ and Mo 32+ lines [47, 48] . The experimental spectrum was measured for an electron temperature T e = 4.2 keV and electron density n e = 3 × 10 19 m −3 measured on the magnetic axis of JET plasma (average values of the T e and n e in the time 11s < t < 12s of the JET shot 86176 are lower because of the high gradients and KX1 geometrical cut off). Panel (e) is the theoretically predicted spectrum that takes into account Mo The top four panels show the individual subshell contributions to the spectrum. The high-resolution x-ray spectrum in Figure 5 contains radiation from a large volume of possibly non-uniform plasma along the entire line of sight, averaged over a complete time-dependent discharge. However, in the minute x-ray window from 5.192Å to 5.232Å the radiation comes only from the four ions, viz., Ne-like Mo
A comparison of the modeled x-ray spectrum with registered one
32+
and the three W ionization stages around Ni-like W 46+ , which dominate in the plasma's hot core. The ratio between the single Mo line in this wavelength window and the lines from the three W ions gives the ratio between the two impurity species in the particular part of the plasma that this radiation happens to come from; the relative contribution from Cu-like and Co-like W to that of Ni-like W is a further consistency check on the plasma parameters in this region that are already known directly from the existence of Ne-like Mo and Ni-like W. Here the ionizations can be obtained either by fitting the experimental spectra with all contributions originating from specific ionization states (W 45+ and W 46+ ) or by collisional-radiative model calculations. Preliminary comparison of both showed a reasonably agreement (few percent domination of W 45+ ionization state over the W 46+ one). FAC's collisional-radiative models indicate that Mo and W not together, hence that the x-ray spectrum in Figure 5 may represent the slightly different region of JET plasma. Nevertheless, assuming the flat radial distribution of impurities, the relative amount of the two impurities Mo and W can be obtained by comparing the relative number of photons in the two parts of the spectra combined with the ionization and radiation rates. Such analyses are done elsewhere [8, 45] . This paper focuses on the exquisite detail in the atomic physics that is needed to achieve better matches between the modeled and the measured x-ray spectra.
Summary and conclusions
In order to allow the advanced interpretation of the x-ray spectra registered by the high-resolution crystal KX1 spectrometer on the JET with an ITER-like wall, the modeling of the M x-ray spectra structures for tungsten and L x-ray spectra structures for molybdenum have been performed in the framework of CR model using the FAC package. Our studies confirm for the first time the possibility to accomplish the reliable interpretation of the x-ray spectra registered on the JET tokamak base on the decomposition on the theoretical contributions corresponding to different degrees of ionization of tungsten and molybdenum. However, it should be underline that crucial for proper interpretation of the measured x-ray spectra is to include independently the individual M x-ray line subshell contributions originating from the W 45+ , W 46+ and W 47+ ions. Moreover, it has been found that detailed quantitative interpretation of the highresolution x-ray spectra registered for different discharge conditions on the JET tokamak needs further comprehensive theoretical studies and those research are in progress. We believe that the results of our modeling presented here are also important for ASDEX Upgrade tokamak and for tokamaks such as WEST and ITER, where tungsten plasmafacing components will be implemented and kept track of with a similar high-resolution x-ray diagnostic.
